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Abstract — In this paper, we investigate joint communication 
and energy cooperation in cellular networks for the coordinated 
multi-point (CoMP) downlink transmission with base stations 
(BSs) powered by renewable energy. For the purpose of ex- 
position, we consider a simplified CoMP model with two BSs 
cooperatively serving two mobile stations (MSs), where the BSs 
are connected by a power line to enable simultaneous data and 
energy sharing. We maximize the sum-rate for the two MSs with 
cooperative zero-forcing precoding at the two BSs subject to their 
individual power constraints but allowed to exchange energy via 
the power line that has a given loss ratio. We present an efficient 
algorithm to jointly optimize the precoder at the two BSs and the 
amount of energy transferred between them. We show that the 
proposed joint communication and energy cooperation solution 
can substantially improve the downlink throughput for energy 
harvesting CoMP systems, as compared to alternative designs 
without the communication and/or energy cooperation. 

I. Introduction 

Green wireless cellular networks with improved energy 
efficiency have received significant attention recently. Among 
assorted green solutions [JJ, harvesting environmental energy 
(such as solar and wind) to power cellular base stations 
(BSs) is particularly appealing due to its environment-friendly 
and cost-effective advantages (2). However, different from 
traditional energy supply from the grid, renewable energy 
is intermittent and unpredictable in practice, thus imposing 
new challenges for reliable communication. Recent studies on 
energy management in energy harvesting wireless communi- 
cation can be found in e.g. (3]-[|5) and references therein. 

On the other hand, interference is a fundamental issue 
in wireless communication due to its broadcast nature, and 
has become more severe in next-generation spectrum and 
energy stringent cellular networks with smaller cell sizes 
and/or higher frequency reuse factors. In order to mitigate 
the inter-cell interference (ICI), BS cooperation or the so- 
called coordinated multi-point (CoMP) transmission has been 
extensively investigated in both academia and industry J6)- 
J9). With symbol-level coordination enabled by baseband 
transmit message and channel state information (CSI) sharing 
among BSs, CoMP transforms the ICI to be a helpful factor 
for coherent communication and thereby greatly improves 
the cellular network throughput. Since the message and CSI 
sharing is always limited by the finite capacity of backhaul 
links among BSs, clustered CoMP transmission is a practically 
promising solution (8), J9j- 

In this paper, we propose a unified study on energy har- 
vesting and CoMP-based communication by considering the 
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Fig. 1. A two-cell CoMP system with base stations (BSs) powered by 
renewable energy and connected by a power line for simultaneous data and 
energy sharing. 

downlink CoMP transmission with BSs powered by energy 
harvesting. Due to the randomly harvested energy, each BS 
is subject to time-varying power available for transmission. If 
the transmit power is unevenly distributed among BSs (e.g., 
BSs are powered by different types of energy sources), then 
the cooperative transmission gain by CoMP will be limited by 
the BS with less transmit power. To overcome this issue, in 
this paper we propose a novel joint communication and energy 
cooperation approach for renewable powered CoMP systems. 
For the purpose of initial investigation, we consider a simpli- 
fied two-cell CoMP system as shown in Fig. [T] where two 
BSs that are separately powered by energy harvesting jointly 
serve two mobile stations (MSs) via cooperative zero-forcing 
(ZF) downlink transmission J6], Q. The general case with 
more than two BSs will be addressed in the journal version 
of this paper. It is assumed that the two BSs are connected by 
a power line, which enables simultaneous energy transfer as 
well as data sharing (via the power line communication flOl ) 
for cooperative downlink transmission. To our best knowledge, 
the dual use of power lines for realizing joint communication 
and energy cooperation in cellular networks is a new proposal, 
which has not yet been investigated in the literature. 

It is worth noting that there have been recent works on 
studying communication cooperation and/or energy coopera- 
tion in energy harvesting wireless communication llTTI - llT4ll . 
In fTfl . the delay-optimal BS transmission control and user 
scheduling were investigated for energy harvesting CoMP 
systems. In Q~2), the throughput-optimal transmission policy 
was derived in a Gaussian relay channel with the source and 
relay both powered by energy harvesting. In ifPTl . energy 
cooperation was introduced in a two-BS cellular system to 
minimize the energy drawn from conventional energy sources . 
However, only separated communication or energy coopera- 
tion was considered in ifTTl — 1T31 . Moreover, in lH4l . a two-hop 
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Fig. 2. Energy management schematics at BS. 

communication system was investigated with unidirectional 
wireless energy transfer from the source to the relay. 

In this paper, we jointly optimize the downlink cooperative 
precoding at the two BSs and the transferred energy between 
them to maximize the sum-rate to the two MSs. Interestingly, 
our new setup with BSs' energy sharing can be viewed as a 
generalization of the conventional CoMP transmit optimization 
under the BSs' sum-power or individual-power constraints. We 
propose an efficient algorithm to solve the proposed problem 
by applying convex optimization techniques, and compare the 
optimal sum-rate performance for energy harvesting CoMP 
systems against alternative designs without the communication 
and/or energy cooperation by simulations. 

The remainder of this paper is organized as follows. Section 
Hfl introduces the system model and formulates the joint 
communication and energy cooperation optimization problem. 
Section [HI] presents an efficient algorithm for solving this 
problem. Section[IV]provides the simulation results to evaluate 
the performance of the proposed algorithm. Finally, Section IVl 
concludes the paper. 

II. System Model and Problem Formulation 

We consider a two-cell downlink CoMP system as shown in 
Fig-Hi in which two single-antenna BSs, namely BS 1 and BS 
2, cooperatively transmit independent messages to two single- 
antenna MSs. The MSs are assumed to each have a constant 
power supply, while the BSs are powered solely by renewable 
energy such as solar and/or wind. The BSs are connected by 
a power line, through which both energy and data can be 
exchanged. Accordingly, the two BSs are formed as a cluster. 
Within such a cluster, it is reasonable to assume that through a 
separately deployed power line communication IfTOl . the data 
(including the transmit messages and CSI) sharing between 
the two BSs for enabling cooperative downlink transmission 
is perfect, similarly as assumed in 0— J9). Furthermore, we 
assume the energy management architecture at each BS as 
shown in Fig. [2] where the harvested energy at any given 
time is split into two portions to power different components 
of the BS. For a typical cellular BS, its power consumption 
is divided into a dynamic transmission related power that is 
mainly consumed by the power amplifier (PA) as well as a 
constant power that is consumed by other components such 
as air conditioning, data processing, etc. 03]. To supply the 
transmission power and enable BSs' energy sharing, a super- 
capacitor, which has ideally infinite charging/discharging cy- 
cles with zero energy loss, is applied for storing a fixed 
Pi,0 < pi < 1, portion of the harvested energy at BS 
i,i £ {1,2}, to be used by the PA and/or transferred to 



the other BS. To supply the constant power P c consumed by 
other components at BS i, a rechargeable battery, which has 
a practical efficiency £, < C < 1> is applied for storing the 
remaining 1 — pi portion of the harvested energy. Since P c is 
a constant power, provided that the rechargeable battery has 
a feasible energy supply and load budget in the long term, 
i.e., (1 - pi)£E[E] > P c with E(-) denoting the statistical 
expectation and E denoting the randomly harvested energy, 
P c can be guaranteed at all time. Thus, in the rest of this 
paper we will focus on the transmitted power and transferred 
energy scheduling at the two BSs. Note that at this stage 
of research, the optimal architecture to integrate renewable 
energy to wireless communication is unknown and there are 
various different models in the literature (see e.g. lfT6l and 
reference therein). The proposed architecture in Fig. ^provides 
only one possible practical design. 

We consider quasi-static time-slotted models for both re- 
newable energy and wireless channel, where the energy har- 
vesting rates and the channel coefficients remain constant in 
each slot and may change from one slot to another. The slot 
duration is normalized to unity for convenience, and thus 
energy and power will be used interchangeably in this paperfl 
In a slot n > 0, the harvested energy at BS i is denoted 
by Ei[n] > 0, % = 1,2, of which an pi portion is stored 
in the super-capacitor. Let the energy drawn by the super- 
capacitor be given by Ei[n] = piEi[n], which is then utilized 
as the transmit power and/or the transferred energy to the 
other BS. Denote the transferred energy from BS 1 to BS 2 
and that from BS 2 to BS 1 as ei[n] > and e 2 [n] > 0, 
respectively. Practically, there will be a certain loss in the 
energy transfer between BSs. For simplicity, we assume in 
this paper a linear loss proportional to ei[n] or e2[n], which 
is specified by a constant energy transfer efficiency f3, with 
< (3 < 1. Note that f3 = corresponds to the case of no 
energy transfer available between the two BSs, while (3 = 1 
refers to the case of ideal energy transfer with zero loss. Then 
the available transmit power of two BSs in each slot, denoted 
by Pi[n],i = 1,2, should satisfy the following constraints 
considering BSs' energy sharing: 

P t [n] <r j (E i [n)+Pe- i [n}-e i [n]),i = l,2,Vn, (1) 

where < r\ < 1 is the PA efficiency and i = {1,2} \ i. 
Since 77 is a constant scaling factor, we assume r\ = 1 in the 
sequel for convenience. Note that the power constraints in (Q~|i 
are independent over n; thus, we remove the slot index n in 
the rest of this paper. 

We denote the complex channel coefficient from BS i to 
MS j as hij,i,j = 1,2, and the channel vector from the 
two BSs to MS j as hj = [hij h 2] ],j = 1,20 We consider 

1 In practice, the duration of a communication block is usually on the order 
of millisecond, while the energy harvesting process evolves at a much slower 
speed, e.g., solar and wind power typically remains constant over windows 
of seconds. Without loss of generality, in this paper we choose the smaller 
communication block duration as one slot for convenience. 

2 Although we consider a narrowband channel model here, the results in 
this paper are readily extendible to the more general wideband channel case 
by applying OFDM-based transmissions. 



cooperative transmission by the two BSs, and thus the CoMP 
downlink system can be viewed as a two-user multiple-input 
single-output broadcast channel (MISO-BC) with two transmit 
antennas. We assume cooperative ZF precoding |6] at the two 
BSs, although other precoding schemes can also be considered 
similarly. Let the information signal for MS j be denoted by 
Sj and its associated precoding vector at the two BSs by tj G 
C 2xl ,j = 1,2. Accordingly, the transmitted signal for MS j 
can be expressed as 



tjSj,j 



1,2. 



Thus, the received signal at MS j is given by 



y j = hjtj 



Si + 



hjtjSj 



n>jj = 1,2, 



(2) 



(3) 



where hjtjSj is the desired signal for MS j, hjtjSj is 
the inter-user interference, and rij denotes the additive white 
Gaussian noise (AWGN) at MS j, which is assumed to be 
of zero mean and unit variance. It is also assumed that 
Gaussian signalling is employed at the transmitters, i.e., si 
and S2 are circularly symmetric complex Gaussian (CSCG) 
random variables with zero mean and unit variance. Then the 
covariance matrix of the transmitted signal for MS j can be 
expressed as Sj = E(xjX^) = tjt^, where the subscript 
H denotes the conjugate transpose. Accordingly, from ([T} the 
transmit power constraint at BS i can be expressed by 



i=i 



Pi < Ei+/3ei-ei,i= 1,2, 



(4) 



where B\ = 



and £?9 = 



If cooperative ZF precoding is employed, the inter-user in- 
terference will be removed. Thus, the precoding vectors should 
satisfy hjtj = 0, or equivalently hjSjhf = 0, j = 1,2 0. 
Under the above ZF constraints, we maximize the sum-rate to 
the two MSs by jointly optimizing the transmit covariances 
Si and S2 as well as the transferred energy between the two 
BSs ei and e 2 . Accordingly, the problem is formulated as 



(PI): max £ log 2 (l + hjSjhf) 



(5) 

s.t. hjSjhf = 0, j = 1,2 (6) 

2 

^2tT(B i S j )<E i + pe i -e i ,i = l ) 2 (7) 



Sj b 0, < ei < E h i,j = 1,2, 



(8) 



where for a square matrix X, tr(X) denotes the trace of X, 
and X y denotes that X is positive semidefinite. 

For problem (PI), we first consider the following two 
special cases with j3 = and f3 = 1, respectively. Since 
,3 = corresponds to the case of no energy transfer between 
the two BSs, it is easy to verify that the optimal solution of 
(PI) should satisfy e\ = = 0. In this case, (PI) reduces 



to the conventional sum-rate maximization with per-BS power 
constraints |7j given by E\ and E2, i.e., (Q) reduces to 

2 



tr(fl i 5 i )<^ ) i=l,2. 



(9) 



On the other hand, since j3 = 1 corresponds to the case 
where the energy of the two BSs can be shared ideally without 
any loss, it can be easily verified that BSs' individual power 
constraints in (O can be combined as one single sum-power 
constraint: X^*=i tr(Sj) < E\ + E^. In this case, problem 
(PI) reduces to the conventional sum-rate maximization under 
the BSs' sum-power constraint Q. 

In Fig.[3j we show the feasible region of the transmit power 
for the two BSs P\ and P2 in the case of < j3 < 1 (shown as 
the shaded area) as compared to the other two extreme cases 
of j8 = and j3 = 1. It is observed that the boundary of 
the feasible region when j3 > is always attained either by 
ei > 0, e.2 = or ei = 0, e 2 > 0, i.e., only unidirectional 
energy transfer between BS 1 and BS 2 is needed to achieve 
the optimal solution of (PI). It is also observed that this region 
in the case of < (3 < 1 is larger than that without energy 
sharing, i.e., j3 = 0, and at the same time smaller than that with 
ideal energy sharing, i.e., j3 = 1. As a result, the optimal value 
of (PI) in the case of < j3 < 1 should lie between those 
of the conventional two extreme cases with the per-BS power 
constraints and the BSs' sum-power constraint, respectively, 
as will be shown next. 

III. Optimal Solution 

In this section, we solve problem (PI) by convex optimiza- 
tion. First, we remove the ZF constraints in (PI). Denote 

Vj = jj^j an d Pj = I v j v f i3 = 1)2. Then, without 

loss of generality we can express Pj 



that v"vj = and v^Vj = 1. Then we have the following 
proposition. 

Proposition 3.1: The optimal transmit covariance matrices 
for problem (PI) can be expressed as 

S 



Vjtif, and it follows 



(10) 



where pj >0,j = 1, 2. 

Proof: The proof is similar to that of Q Lemma 3.1], 
and thus is omitted for brevity. ■ 
Using Proposition 13.11 and by defining a,j = \hji>j\ 2 and 
bij = vf BiVj,i, j = 1,2 with | • | denoting the magnitude of 
a complex number, (PI) is equivalently reformulated as^| 
2 

(P2): max Vlog 2 (l+ Pjfflj ) (11) 



s.t. 



3 
2 

E 



Pjbij < Ei + f3ej - ei, i = 1, 2 
Pj >0, < ei <Ei,i,j = 1,2. 



(12) 
(13) 



3 In this paper, we assume that the channel vectors hi and h.2 are 
independently drawn from a continuous distribution, and thus without loss 
of generality we assume aj > 0, bij > 0, Vi, j. 



E, + E 7 



E 2+J 3E t 




E x E t +fiE 2 E l +E 2 

Fig. 3. Feasible region of BS transmit power under energy cooperation. 

It can be verified that problem (P2) is convex, since the 
objective function is concave and the constraints are all affine. 
Thus, Lagrange duality method can be applied to solve this 
problem globally optimally JT7J. Let /ij > 0, i = 1, 2 be the 
dual variables associated with the two constraints of (P2) given 
in ( fT2l . Then the Lagrangian of (P2) is given by 

£({M:feM e i}) 
2 / 2 \ 2 

= H lo g2(! +Pjaj) -Pj '^(Hkj J +^ei(^-/ii). 

2=1 V i=l / i=l 

Accordingly, the Lagrange dual function can be obtained as 

/(Ml. Ma) = max £ ({Mi}, {Pj}, {ei}) 

s.t.^>0, 0<e i <£? i ,i,j = l,2. (14) 
Then, the dual problem is expressed as 

(P2D) : min Ma). 

Since (P2) is convex and satisfies the Salter's condition, strong 
duality holds between (P2) and its dual problem (P2D) fP7l . 
Thus, we can solve (P2) by solving its dual problem (P2D) 
equivalently. To solve (P2D), in the following we first solve 
problem (fT4l to obtain f (1x1,1x2) with given /Xi > and 
M2 > 0, and then search over xxi and /X2 in to minimize 

/(Mi,M2)- 

We first give the following lemma. 

Lemma 3.1: In order for /(^txi,^) to be bounded from 
above, it follows that at least one of /xi > and /X2 > 
must hold. 

Proof: Suppose that /xi = /x 2 = 0. In this case, it is easy 
to verify that the objective value of (fl4l i goes to infinity as 
Pi — > 00 and/or P2 — ► 00, i.e., /(jUi,/x 2 ) is unbounded from 
above. Therefore, /xi and /X2 cannot be zero at the same time 
for /(/xi,/x 2 ) to be bounded from above. This proposition is 
thus proved. ■ 
According to Lemma 13.11 we only need to solve problem 
< TT~4T > with given \i\ and /x 2 satisfying \i\ > and/or /x 2 > 0. In 



TABLE I 

Algorithm for Solving Problem (PI) 



a) Initialize fj,\ > and (12 > 0. 

b) Repeat: 

1) Obtain {p^ M1,M2) } and { e ( w '^ 2) } using CCD and (T8), respec- 
tively, with given ^ti and fi2; 

2) Compute the subgradients of f(fii,fj,2) as 

Ei - Ei=iPj P1 ' M2) ^ + /3e^ 1,P2) - e^ 1,M2) and 

^2 - E?=iPf 1,M2) ^ + /3e^ llW) - 4 M1 ' M2 \ then update 
/ii and 112 accordingly based on the ellipsoid method 1181 . 

c) Until fj,\ and fi2 both converge within a prescribed accuracy. 

d) Set S* = p'jVjV^jj = 1,2 and determine e* and from J21I - 123I . 



this case, problem (fl4l can be decomposed into the following 
four subproblems: 

2 

max log 2 (l +PjO,j) -pj -.jTmbij, j = 1,2 (15) 

Pj>0 



i=i 



max &i(uiB — ui),i = 1,2. 



(16) 



For the two subproblems in ([TBl l. note that $3»=i Mikij > 
always holds due to Lemma [3~T1 then it can be easily verified 
that the optimal solutions can be obtained as 



(pi, ^2) 
Pj 



1 



m2 Si=i mA 



,i = l,2, (17) 



where (x) + = max(:r, 0). Next, consider the other two sub- 
problems in ([TBl l, for which it can be easily shown that the 
optimal solutions ar^] 



Ei 
0. 



Mi 
Mi 



Mi > 
^ < 



j = 1,2. 



(18) 



Combining the results in dTvT > and ( fT8l , we obtain /(/xi, ix 2 ) 
with given /Xi > and /X2 > (but not both equal to 
zero). Then, we solve problem (P2D) by finding the optimal 
/Xi and fj,2 to minimize /(/Xi,/X2). Since (P2D) is convex, a 
subgradient based method such as the ellipsoid method |[T8l 
can be applied, for which it can shown that the subgradients 
of /(/xi,/x 2 ) forgiven /xi and p 2 are Si-^=iMi + 
/5e 



(a*i>M2) „(Ml,M2) 



,(M1,A»2) 



and £ 2 - E -=i P^ 1 '* *** + /3e^^ 2) 



respectively. Therefore, the optimal solution of (P2D) 



can be obtained as /xf and /Lt|. Then, the corresponding px 
and j?2 in dTTb become the optimal solution for (P2), denoted 
by p\ and p* 2 , respectively; accordingly, the optimal transmit 
covariance solutions S\ and S* 2 for (PI) can be obtained from 
Proposition 13.11 as 



PjVjvfj 



1,2. 



(19) 



It should be pointed out that the optimal solution of ei and 
&2 for problem (P2) in general cannot be directly obtained 
from ([T8l with given \i\ and /x|, since the solution of ( fT8l is 
not unique if /x*j3 — /x* = 0. In order to obtain the optimal 

4 Note that if — fit = 0, then the optimal solution of ei is generally 
not unique and can take any value in the interval [0, Ei] in problem dl61 . For 



convenience, we let e 



(M1,M2) 



: in this case. 



solution of ei and e<i, denoted by e\ and e 2 , respectively, it 
is observed that the following conditions must hold due to the 
complementary slackness ifTTl : 

lA P?ij M + e* j = 0, i = 1, 2. (20) 

Since from Lemma [XTl it is known that at least one of fi\ 
and fj, 2 should be strictly positive, we only need to consider 
the following three cases for determining e* and e 2 : 

• \i\ > 0, /L«2 > 0: In this case, from d20T i we have 

2 

^ p*b l3 - Ei - /?e? + e* = 0, i = 1, 2, (21) 

i=i 

by solving which we can obtain and e^. 

• n\ > 0, = 0: In this case, we have J2j=iPjbij ~ 
Ei — (3e 2 + e* = from d20T i with i = 1. Since we know 
that only one of e* and e 2 can be strictly positive (c.f. 
our discussion for Fig. |3j, it follows that 

2 

e* = Ei - = 0. (22) 

• /i* = 0, /i 2 > 0: Similarly to the second case, we have 

2 

e$=0, e* 2 = E 2 -^p*b 2j . (23) 
j=i 

In summary, one algorithm to solve (PI) is given in Table 

I. 

Remark 3.1: It is worth pointing out that if < (3 < 1, 
then it can be shown that the optimal solution of (PI) is always 
obtained with the power constraints in (|7} being met with strict 
equality. However, this result does not hold in general with 
(3 = 0, i.e., the transmit power constraints in ((9) may not be 
both tight with the optimal solution of (PI) in this case 0. 
As a result, in the case of (3 = 0, i.e., when there is no energy 
cooperation between the two BSs, the harvested energy at one 
of the two BSs may be wasted without any use. In contrast, 
if there is an energy cooperation in the case of < (3 < 1, 
then it follows that all the harvested energy at both BSs will 
be used to maximize the sum-rate (albeit that some energy is 
lost in the energy transfer between the two BSs if (3 < 1), 
which results in an energy cooperation gain as will be shown 
next by numerical examples. 

IV. Numerical Examples 

In this section, we provide simulation results to evaluate 
the performance of our proposed joint communication and 
energy cooperation algorithm. We assume that the channels are 
independent and identically distributed (i.i.d.) Rayleigh fading, 
i.e., hjj's are CSCG random variables with zero mean and 
variances afj, i,j = 1,2. We further assume c? xl = a 22 = 1 
for the direct BS-MS channels, and a\ 2 < 1, a 2 i < 1 for the 
cross BS-MS channels. 

In Fig.|4j we assume that the energy arrival rates E\ and E 2 
at the two BSs are constant over time subject to E\ + E 2 = 



a ^ a «a ^ *a a * <d < 
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Fig. 4. Sum-rate performance with E\ + E2 = 30. 

300 and plot the achievable sum-rate with different values 
of f3 and E\. We set a\ 2 = ct 2 i = 0.5, and average the 
achievable sum-rate over 1000 random channel realizations. It 
is observed that as (3 increases, the sum-rate increases for any 
given < E\ < 30, which is due to the fact that larger value 
of f3 corresponds to smaller energy transfer loss. It is also 
observed that the sum-rate is zero when {3 = and E\ = 
or 30 (or equivalently E 2 = 30 or 0). This is because that 
in this case, there is one BS with zero transmit power, and 
without energy sharing between the two BSs their cooperative 
ZF precoding cannot be implemented. Furthermore, with any 
given < (3 < 1, it is observed that the maximum sum- 
rate is always achieved when the energy arrival rates at the 
two BSs are equal, i.e., E\ = E 2 = 15. The reason is given 
as follows. Under the given symmetric channel setup, when 
Ei = E 2 = 15, the amount of transferred energy between the 
two BSs is minimal, and so is the energy lost in energy sharing; 
as a result, the total available energy for wireless transmission 
is maximized, which thus yields the maximum sum-rate. 

In Figs. [5] and |6l we show the sum-rate performance of 
the proposed scheme with joint communication and energy 
cooperation with f3 > as compared to three benchmark 
schemes without communication and/or energy cooperation 
given as follows: 

. No energy cooperation, communication cooperation 

only: This scheme corresponds to j3 = for (PI). 
. No communication cooperation, energy cooperation 
only: In this scheme, each BS transmits to one MS over 
half of the total bandwidth, for which the achievable sum- 
rate with given Pi and P 2 is 

0.5 x (log 2 (l + 2\hn\ 2 Pi) + log 2 (l + 2\h 22 \ 2 P 2 )) 

(24) 

By maximizing d24T i subject to the energy constraints 
given in the maximum sum-rate can be obtained for 
this case. 

• No cooperation: When both communication and energy 
cooperation are not available, this scheme achieves the 
sum-rate given in (l24l with Pi = Ei and P 2 = E 2 . 

5 The energy unit is normalized here such that one unit energy is equivalent 
to the transmit energy required to have an average signal-to-noise ratio (SNR) 
at each MS equal to one or OdB. 
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Fig. 5. Sum-rate comparison with versus without communication and/or 
energy cooperation in the low-SNR regime. 
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Fig. 6. Sum-rate comparison with versus without communication and/or 
energy cooperation in the high-SNR regime. 

We assume a.12 and a-}! are independent and uniformly 
distributed in [0, 1], and the energy arrival rates E\ and E2 
are independent and uniformly distributed in [0,jE], with E 
denoting the average sum energy harvested by both BSs. Note 
that the independent energy distribution may correspond to 
the case where the two BSs are powered by different energy 
sources, e.g., one by solar and the other by wind. From 
Figs. [5] and [6] it is observed that the joint communication 
and (ideal) energy cooperation with /? = 1 always achieves 
the highest sum-rate, while the joint communication and 
(imperfect) energy cooperation with (3 = 0.9 achieves the 
sum-rate very close to that of (3 = 1, and also outperforms 
the three benchmark schemes. This shows the gain of joint 
communication and energy cooperation, even with small en- 
ergy transfer loss. It is also observed that with E < 6dB, 
the scheme of "energy cooperation only" outperforms that of 
"communication cooperation only"; however, the opposite is 
true when E > 6dB. This shows that the gain of energy 
cooperation is more dominant over that of communication 
cooperation in the low-SNR regime, but vice versa in the high- 
SNR regime. 

V. Conclusion 

In this paper, we propose a new joint communication 
and energy cooperation approach for emerging energy har- 
vesting powered CoMP systems. With the newly proposed 



energy sharing between cooperative BSs, we formulate a sum- 
rate maximization problem that takes into account the non- 
negligible energy loss in energy sharing. By applying convex 
optimization techniques, we propose an efficient algorithm to 
obtain the optimal cooperative precoding and energy sharing 
solutions, and show by numerical results the potential sum- 
rate gains via jointly exploiting communication and energy 
cooperation in cellular networks. It is revealed that energy 
cooperation is most beneficial when the harvested energy 
amounts among BSs are not even (e.g., BSs are powered by 
different energy sources), and/or when there is no communi- 
cation cooperation among BSs available. 
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